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Abstract
A series of nickel nanoparticles are deposited on two metal oxides (-Al2O3 and CeO2). The nickel precursor is first adsorbed on
the support and then it is irradiated under  rays. The samples are characterized by various techniques at several steps of their
elaboration, such as UV-visible, XRD, SEM equipped with EDS, and H2-TPR. The catalysts present high reducibility, and
homogeneity of the metal phase. These properties of the radiolytic catalysts, could be explained by an easier reduction of the
nickel in strong interaction with the oxides; which results in highly dispersed nanoparticles. Under benzene hydrogenation
reaction test, the Ni/CeO2 catalyst exhibits higher efficiency than Ni/Al2O3 one. This behavior is assigned to the promoter role of
ceria. Actually, in addition to the Ni° phase, the presence of intermetallic Ni-Ce compounds is detected in the Ni/CeO2 sample,
after catalytic test.
© 2009 Elsevier B.V.
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1. Introduction
Supported metal nanoparticles have received increasingly attention during the last decades because of their
original and size dependent properties [1,2]. The large proportion of surface metal atoms in contact with
environment and the redox potential, lower than that of the bulk state, give these materials a choice place in catalysis
[3-5]. Besides the intrinsic size effect, the interaction nature between the metal and the support plays a determinant
role on the nanoparticles properties [6]. Several chemical and physical methods are investigated to prepare
nanosized materials. As an alternative way, the radiolytic process has been proven to be an adequate tool to
synthesize mono-dispersed and size controlled metal clusters [3,4,7]. The properties of the supported metal clusters,
synthesized by this method, depend on the influence of the radiation on both the metal and the support.
The aim of this work is to examine the influence of the nature and the characteristics of the support on the
properties of radiolytic aggregates. Firstly, the nickel precursor is previously adsorbed on the support and then it is
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irradiated under  rays. Secondly, the samples are characterized by various techniques at several steps of their
elaboration, such as UV-visible, XRD, SEM, EDS and H2-TPR. Finally, their catalytic activity is tested in the
benzene hydrogenation reaction.
2. Experimental
2.1. Catalysts preparation
The used chemical reagents have high purity and are from: Merck for the nickel formate (Ni (HCO2)2, 7H2O) and
Prolabo for the ammonium hydroxide (NH4+, OH-). The used supports materials are α-alumina and ceria. The first
one is obtained by submitting -alumina GF 254 601 E type, from Merck, to a cycle of thermal treatments, while the
second one is from Prolabo.
The nickel deposits are prepared by impregnation with interaction (wet-soaking) of the oxide in a solution of
nickel formate. The concentration varies in respect to the wanted nickel load (reported to the oxide load: Ni wt% =
mNi(g)/1g oxide). The supernatant solution is basified with ammonium hydroxide at a pH permitting the
complexation of the nickel in the form of stable hexamine complexes, which are characterized by the UV absorption
(λ = 364 nm). In the aim to fix the nickel on the oxide, the support is soaked in a solution containing the nickel
precursor for 24 hours under magnetic stirring. The ionic exchange is followed by measuring the pH and the
absorption of the supernatant solution. Then, the samples are deareted under nitrogen bubbling and irradiated. The
irradiations are carried out using a 19000 Curie 60Co  source with a dose rate 35 kGy.h-1. The irradiated samples
are filtered, then dried under nitrogen flowing. The obtained deposits are black or grey colored and are attracted by a
magnet.
2.2. Apparatus
X-ray diffraction spectra are recorded on a powder diffractometer Siemens D8, using Cu Kα ( λ =0.154nm,
I=20mA, V=40kV). The several phases are identified using the JCPDS files (ICDD 1997). The observations are
performed with a Scanning Electron Microscope (SEM) TESCAN VEGA TS 130 MM type, equipped with an
Energy Dispersive Spectrometer (EDS) RÖNTEG EDWIN NT for X-ray microanalysis. The proportion of the
elements is determined using a Rönteg Edwin Wintools program. The SEM coupling with EDS analysis of catalysts
gives a survey on their homogeneity.
The H2-TPR study is carried out on 50 mg of catalyst, placed in a quartz tube and treated first under argon at
room temperature for 1h. Then, the sample is heated at a rate of 5 °C min-1 up to 800 °C. As the reducing agent
(flow rate = 90 cm3 min-1), H2/Ar (1000 ppm) mixture is used.
The performances of the catalyst are tested in the benzene hydrogenation reaction that converts, under H2 flow,
benzene to cyclohexane. This test is carried out at atmospheric pressure, in a quartz fixed-bed reactor equipped with
a thermocouple, on which is deposited 50 mg of the catalyst charge. The reactant mixture containing benzene and H2
(benzene / H2 = 1 vol. %) is prepared by flowing the H2 stream through benzene maintained at 5.4 °C. The mixture
was then passed through the reactor with a total flow rate of 50 cm3 min-1. The catalytic test is carried out at various
temperatures on the same catalyst sample. The sample was heated and cooled with a rate of 10 °C min-1. Benzene
and reaction products are analyzed with a 5730 Hewlett Packard gas chromatograph, operated at a programmed
temperature with a flame ionization detector (FID).
3. Results and discussions
3.1. Impregnation kinetic and morphology
Since the first step in the formation of the radiolytic aggregates is the atomic state, it makes it possible to have
highly dispersed aggregates on the oxides. However, sintering phenomenon has to be avoided. To reach this aim,
nickel precursor is preliminary fixed on the support. To assure this fixation a compromise had to be done between
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the three factors: the charge of the precursor in relation with the PZC (Point of Zero Charge) of the oxide, the
hydrolysis of the nickel and the radiolysis conditions. For the nickel, it has been shown by Marignier that the acidic
pH’s are harmful for the stability of the intermediary nickel valence states [8]. Indeed, when the pH is lower than 7,
the Ni+ ions are reoxidized as soon as they are formed. This leads to very low reduction radiolytic yields of Ni2+, and
therefore, to low formation yields of Ni0. Besides, it is known that it is difficult to reduce the nickel hydroxide
Ni(OH)2 [3,8].
The optimal fixation pH of the nickel ions on oxide support is slightly the same for CeO2 and Al203. Its value is
around pH = 11. The precursor fixation kinetic follows an ionic exchange process nickel /surface groups. Since in
the precursor the nickel valence state is +2, the fixation of Ni2+ ions is assured at pH’s superior than the PZC of the
oxide [9]. In this case, the negative charge of its surface is favorable to a nickel-oxide interaction.
During the fixation step, the nickel content of the supernatant solution decreases at early hours and reaches steady
state after 24 hours. Simultaneously the pH of the solution decreases. The morphology of ceria supported catalyst,
before and after Ni2+ adsorption step, is shown in Fig.1.
Fig.1: Scanning electron micrograph of: (a) bare CeO2 support and (b) Ni/CeO2 catalyst after impregnation.
Fig. 2 presents SEM micrographs of oxide supported nickel catalysts (A5 and C5) after the irradiation. The X
analyses performed on different points of these samples, indicate a homogeneous dispersion of the nickel on the
surface. However, the nickel dispersion is better for Ni/CeO2.
Fig.2: Scanning electron micrograph of radiolytic catalyst after irradiation (a) Ni/CeO2; (b) Ni/α -Al2O3
3. 2. TPR-H2 profiles
For both Ni/α-Al2O3 (A5) and Ni/CeO2 (C5), the TPR profiles show that the maximum temperature reduction is
situated between 180 and 350 °C (Fig. 3). For Ni/Al2O3 the profile has two low temperature peaks, a fine one at 183
°C and a larger one at 329 °C (Fig. 3a). The TPR profile of conventional Ni/Al2O3 catalyst which is reduced under
H2, has a very broad peak, stretching over an area of significant temperature and higher up to 700 °C [10]. The later
corresponds to nickel in strong interaction with alumina (spinel phases NiAl2O4). A comparison between the
(a) (b
(b)(a)
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radiolytic catalyst and the conventional one shows that the irradiation induces nickel phases which are extremely
reducible.
The TPR profile of the Ni/CeO2 catalyst presents bands at low temperature. The first one, situated at 195 °C, is
sharp, while the second is wider and it is constituted by two peaks, of which maximum are at 275 and 300 °C (Fig.
3b). A slight shoulder at 500 °C could be attributed to the partial reduction of support [11,12]. Once again, the shift
of peaks towards lower values is very clear compared to conventional catalyst.
For both A5 and C5 catalysts, it can be concluded from the TPR study that the maximum peaks are located at
lower temperatures and are sharper than that of hydrogen reduced catalysts. They are more easily reducible (better
accessibility of active sites) than conventional catalysts for the same supports. This allows to assert that the active
phase of radiolytic catalysts is more homogeneous and better dispersed.
3.3. Benzene hydrogenation and structure
The activity of the radiolytic deposits is tested in the benzene hydrogenation reaction as a function of the nature
of the support and H2 treatment. The conversion rate as a function of the temperature of Ni/CeO2 (C5) and Ni/α -
Al2O3 (A5) catalysts is reported in the figure 4a. After irradiation, the performances of C5 is better than that of A5.
However, A5 is more active at low temperatures.
In a second step, the samples are H2 treated. The temperature is increased with a rate of 10 °C.min-1 until
reaching 350 °C. Then, they are treated for 45 min under H2 flowing at this temperature. The results of the catalytic
test, after this treatment, are reported in the figure 4b. After treatment, the sample C5 is active since 80 °C. It has
also the best conversion rate. Indeed, this one increases and reaches a constant value starting from a temperature
higher than 120 °C. The good catalytic performances of C5 could be explained by the high dispersion of nickel and
the promoter role of ceria.
3. 4. XRD analyses
The results of XRD analyses of Ni/CeO2 (C5) and Ni/α-Al2O3 (A5) catalysts for several steps of preparation are
reported in Table 1. Note that the XRD spectra of the bare oxides CeO2 and Al2O3 are the same before and after
irradiation.
Fig. 3: TPR-H2 profile of the irradiated nickel nanoparticles. (a) Ni/α -Al2O3 (A5) and (b) Ni/CeO2 (C5)
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Fig 4: Benzene conversion rate for A5 and C5 samples. (a) Fresh catalysts ; (b) After H2 treatment
It seems that the impregnation step results in the formation of a metal -oxide phase (Ni2Al18O29) when the support
is -Al2O3. The irradiation step generates Ni0 phase for the two catalysts. Besides, NiO is detected in A5. These
results indicate that ionized radiations permit the reduction of the metal-support interaction phase, (NiO) 2(Al2O3) 9,
which is difficult to be reduced by conventional means (chemical reagent or hydrogen flow). Whereas, only Al2O3
and Ni0 phases are observed for A5 catalyst after H2 treatment and benzene hydrogenation test, the XRD spectrum
of C5 shows the characteristic peaks of bimetallic Ni-Ce phases, namely NiCe and Ni2Ce in addition to those of
CeO2 and Ni0 (Table 1). The diffraction intensity peak of metal phase is very low, indicating a high dispersion of the
metal particles. This suggests that, the reduction of the surface adsorbed nickel species occurs in a first step.
Table 1 XRD phases detected in Ni/α-Al2O3 (A5) and Ni/CeO2 (C5) catalysts.
Catalyst A5 C5
After impregnation -Al2O3 ; (NiO)2 (Al2O3) 9 CeO2
After irradiation (fresh catalyst) NiO ; Ni ; -Al2O3 CeO2 ; Ni
After catalytic test (C6H6 +H2) Ni ; -Al2O3 CeO2 ; Ni ; NiCe ; Ni2Ce
3. 5. Discussion
The previous results (§ .3.3 and §. 3.4) show that the better performances of Ni/CeO2, in the benzene
hydrogenation reaction, could be attributed to the presence of Ni-Ce intermetallic compounds. These ones,
generated at room temperature, are well known for their high hydrogen storage capacity.
During irradiation there is a creation of electron-hole pairs (e-, h+). The holes do not subsequently move and the
electrons diffuse to the surface. They cross toward the interface to the first shells of the aqueous phase, for some
oxides such as SiO2 and Al2O3; and they stay at oxide surface for ZrO2 and CeO2 [13]. Then for the later, there is an
electron excess at the metal/support interface. The (e-, h+) recombination is weak because the holes h+ are captured
by the CO2-⋅• radicals, which are generated by radiolysis of the formate ion HCO2- [3]. Besides, the role played by
the stable defects is not important because a preliminary irradiation of both CeO2 and Al2O3 oxides does not cause a
detectable structural effect.
After irradiation of Ni2+/CeO2, the nickel is partially reduced and the support is in a reduced state CeO2-x with
great defects concentration at the surface. After H2 treatment, the reducing conditions contribute to achieve the
nickel reduction. Furthermore, the reaction conditions (C6H6 - H2) enhances the reduction of the ceria. It is possible
that an electron transfer, from the nickel particles to the cerium occurs. These electrons are accepted in the 4f hybrid
orbital of cerium and contribute to reduce it. Moreover, the protonation of the surface after dissociation of hydrogen
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molecule leads also to a reduction of the partially reduced cerium species CeO2-x at the interface. This phenomenon
is enhanced by the high dispersion degree and a homogeneous repartition of the nickel at the surface support. The
charge transfer between the metal and the support allows invoking a spill over effect. To sum up, both the high
dispersion state of the metal and the presence of bimetallic Ni-Ce phases favor benzene hydrogenation reaction.
For Ni/Al2O3, even though the high reducing conditions of the irradiated solution, alumina is not reducible, The
electrons favor the reduction of Ni2+ ions and (NiO)2(Al2O3)7 interfacial phase. However, they do not interact with
alumina. After irradiation, Ni0 and NiO phases are generated. The radiolytic Ni/Al2O3 samples present a high CO
selectivity in the reaction (CH4 - H2O) [3]. In the present study, the alumina supported catalyst shows lower activity
than the ceria supported one in the (C6H6 - H2) reaction. NiO is known to have a good capacity to adsorb CO species
[3]. Then, while NiO (resulting from the radiolysis interaction phases Ni2+- Al2O3), seems to play an important role
in the CO selectivity for the first reaction; it inhibits the activity in the second one.
4. Conclusion
The present study shows different properties of Ni/CeO2 and Ni/Al2O3 radiolytic catalysts due to the different
nature of the metal - oxide interaction. A promoting role of ceria in the benzene hydrogenation is well shown. This
one is due to the formation of intermetallic Ni-Ce compounds. The unusual reduced state of the cerium in the
Ni/CeO2 radiolytic catalyst is attributed to the presence of an excess of electrons and partially reduced ceria species
at the nickel/oxide interface. The decomposition of the adsorbed hydrogen via the support on the surface during the
benzene hydrogenation reaction is also a reason of apparition of NiCe and Ni2Ce. The α − alumina supported
catalyst has different behavior. It is less reactive than the ceria supported catalyst in the hydrogenation reaction.
Although interaction phase such as Ni2Al18O29 is detected in this sample after impregnation step, none of bimetallic
phase has been observed, neither after irradiation nor after catalytic hydrogenation test.
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